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a  b  s  t  r  a  c  t
The  use  of microbiologically  induced  mineralization  to  plug  pore  spaces  is  a novel  biotechnology  to miti-
gate the  potential  leakage  of  geologically  sequestered  carbon  dioxide  from  preferential  leakage  pathways.
The bacterial  hydrolysis  of  urea  (ureolysis)  which  can  induce  calcium  carbonate  precipitation,  via a  pH
increase  and  the  production  of carbonate  ions,  was  investigated  under  conditions  that  approximate  sub-
surface storage  environments,  using  a unique  high  pressure  (∼7.5  MPa)  moderate  temperature  (32 ◦C)
ﬂow reactor  housing  a  synthetic  porous  media  core.  The  synthetic  core  was  inoculated  with  the  ureolytic
organism  Sporosarcina  pasteurii  and  pulse-ﬂow  of  a urea  inclusive  saline  growth  medium  was  established
through  the  core.  The  system  was  gradually  pressurized  to 7.5  MPa  over  the  ﬁrst  29 days.  Concentra-
tions  of  NH4+, a  by-product  of urea  hydrolysis,  increased  in  the  ﬂow  reactor  efﬂuent  over  the  ﬁrst  20
days,  and then  stabilized  at a maximum  concentration  consistent  with  the  hydrolysis  of all  the  available
urea.  pH increased  over  the  ﬁrst  6 days  from  7  to 9.1,  consistent  with  buffering  by  NH4+ ⇔  NH3 +  H+.
Ureolytic  colony  forming  units  were  consistently  detected  in  the reactor  efﬂuent,  indicating  a bioﬁlm
developed  in  the high  pressure  system  and  maintained  viability  at pressures  up  to  7.5  MPa.  All available
calcium  was precipitated  as calcite.  Calcite  precipitates  were  exposed  to  dry supercritical  CO2 (scCO2),
water-saturated  scCO2, scCO2-saturated  brine,  and  atmospheric  pressure  brine.  Calcite  precipitates  were
resilient  to dry scCO2, but  suffered  some  mass  loss  in  water-saturated  scCO2 (mass  loss  17 ± 3.6% after
48 h,  36  ± 7.5%  after 2 h).  Observations  in  the  presence  of  scCO2 saturated  brine  were  ambiguous  due
to  an  artifact  associated  with  the  depressurization  of  the scCO2 saturated  brine  before  sampling.  The
degassing  of pressurized  brine  resulted  in  signiﬁcant  abrasion  of  calcite  crystals  and  resulted  in  a  mass
loss  of approximately  92  ± 50%  after  48  h.  However  dissolution  of  calcite  crystals  in  brine  at  atmospheric
pressure,  but  at  the  pH  of  the  scCO2 saturated  brine,  accounted  for only  approximately  7.8  ±  2.2% of  the
mass  loss  over  the  48  h  period.  These  data  suggest  that  microbially  induced  mineralization,  with  the
purpose  of  reducing  the  permeability  of  preferential  leakage  pathways  during  the  operation  of GCS,  can
occur under  high  pressure  scCO injection  conditions.. Introduction
Geologic carbon sequestration (GCS) is one strategy to reduce
he emission of greenhouse gases generated through the combus-
ion of fossil fuels. GCS involves the injection of supercritical CO2
scCO2; critical point = 31.1 ◦C and 7.39 MPa) into underground for-
ations such as depleted oil bearing formations, deep unmineable
oal seams, and deep saline aquifers (White et al., 2003; Zakkour
∗ Corresponding author at: Institute of Geography and Earth Sciences, Aberyst-
yth University, SY23 3DB, UK. Tel.: +44 1970 622640.
E-mail address: nem@aber.ac.uk (A.C. Mitchell).
750-5836/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
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© 2013  Elsevier  Ltd.  All  rights  reserved.
and Haines, 2007). The primary concern during the operation of GCS
sites is the possibility of leakage through the injection well, other
monitoring or abandoned wells and through fractures or faults in
the low-permeability cap rock (Pan et al., 2009). Risk of leakage
arises because scCO2 is less dense and less viscous than the res-
ident pore ﬂuid, which allows it to migrate upward through the
formation (Nicot et al., 2009).
One proposed method to mitigate leakage and enhance CO2
storage is the use of engineered bioﬁlms to plug porous media
(Mitchell et al., 2009). Bioﬁlms are assemblages of microorganisms,
attached to surfaces, and embedded in extracellular polymeric
substances (EPS). EPS is a hydrated matrix of mostly polysaccha-
rides and proteins (Costerton and Stewart, 2001; Lewandowski
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nd Beyenal, 2007). Bioﬁlms can reduce the permeability of porous
edia and have been engineered to control environmental con-
aminants and ﬂow in oil reservoirs (Cunningham et al., 2003;
erlach and Cunningham, 2010). Bioﬁlms are the predominant way
f life for most microorganisms in natural systems (Lewandowski
nd Beyenal, 2007). Previous experiments demonstrated that (1)
acillus mojavensis bioﬁlms can be grown in Berea sandstone
ores under high pressure and scCO2 injection conditions (8.9 MPa,
2 ◦C), (2) the bioﬁlm can decrease the permeability of sandstone
ores by approximately two orders of magnitude within a few days,
3) bioﬁlms can resist the challenge of scCO2 exposure and maintain
iability with only a slight increase in permeability (Mitchell et al.,
009), and (4) bioﬁlms formed by B. mojavensis exhibited only a 1
og reduction in viable cell numbers compared to a 3 log reduction
or planktonic (free ﬂoating, not attached to a surface) B. mojavensis
ells. These data demonstrate bioﬁlm viability under high pressure
nd scCO2 conditions relevant to GCS (Mitchell et al., 2008).
It has also been proposed that the bioﬁlm-enhanced formation
f minerals, such as calcium carbonate, can plug free pore space in
orous media and result in leakage reduction (Cunningham et al.,
009, 2011; Dupraz et al., 2009; Mitchell et al., 2010). Microbially
nhanced mineralization has long been recognized in modern and
ncient sediments (Van Lith et al., 2003). Bioﬁlms enhance calcium
arbonate nucleation by offering negatively charged functional
roups for cation adsorption and by metabolically driven changes
n solution composition and pH in the bioﬁlm microenvironment
nd in the bulk solution (Schultze-Lam et al., 1996). Microbially
ediated urea hydrolysis is one mechanism which can enhance
he formation of calcium carbonate and is being investigated for
nhanced GCS (Cunningham et al., 2009, 2011; Dupraz et al., 2009;
itchell et al., 2010). In this process, bacteria hydrolyze urea,
n important nitrogen compound found in natural environments,
hrough a series of reactions which raise the pH and alkalinity of
he system through an increase in bicarbonate and carbonate con-
entrations. In the presence of divalent cations, such as Ca2+, this
ncrease in alkalinity can lead to the saturation and precipitation of
olid calcium carbonate (CaCO3).
Urea hydrolysis proceeds through a number of reactions. In the
rst step, urea (CO(NH2)2) is hydrolyzed to ammonia (NH3) and
arbonic acid (H2CO3) (Eqs. (1) and (2)) (Burne and Chen, 2000).
he ammonia and carbonic acid equilibrate in water to form bicar-
onate (HCO3−), ammonium (NH4+), and one hydroxide ion (OH−)
Eqs. (3) and (4)). The increase in hydroxide ions corresponds to
n increase in pH, which shifts the bicarbonate equilibrium to form
arbonate ions (CO32−) (Eq. (5)). In the presence of Ca2+, CaCO3 pre-
ipitation occurs (Eq. (6)) once saturation is exceeded (Burne and
hen, 2000; Castanier et al., 1999). The overall reaction summariz-
ng the hydrolysis of urea and precipitation of CaCO3 is described
y Eq. (7).
O(NH2)2 + H2O → NH2COOH + NH3 (1)
H2COOH + H2O → NH3 + H2CO3 (2)
2CO3 ↔ HCO3− + H+ (3)
NH3 + 2H2O ↔ 2NH4+ + 2OH− (4)
CO3− + H+ + 2OH− ↔ CO32− + 2H2O (5)
O32− + Ca2+ ↔ CaCO3 (6)
O(NH2)2 + 2H2O + Ca2+ ↔ 2NH4+ + CaCO3(Overall, process) (7)
Other microbial metabolic processes, such as sulphate, nitrate
nd iron reduction could also be used to promote CaCO3 formation
Van Lith et al., 2003; Van Paassen et al., 2010a), but these processes
sually depend on microbial growth and cannot be controlled as
asily as urea hydrolysis, which simply requires the addition of ureaeenhouse Gas Control 15 (2013) 86–96 87
as a substrate, without the actual requirement of cell growth. Bac-
terial urea hydrolysis also does not require light, and can therefore
operate in dark subsurface environments. The pH increase gener-
ated by urea hydrolysis also dramatically increases the solubility of
CO2(g), thus enhancing the rate of CO2 solubility trapping (Mitchell
et al., 2010). While there is no net mineral precipitation of CO2
(mineral-trapping) beyond that from the urea, the mineral formed
will plug subsurface pore spaces. This is particularly useful for inac-
cessible subsurface environments, where ‘traditional’ engineering
approaches are not useful. For example, while injection wells may
be accessible to traditional sealing approaches, such as cement-
ing, reducing permeability proximal to the well bore or in fracture
zones far from the well requires novel approaches due to the high
viscosity of such traditional sealing materials. Bacteria can move
through extremely small pore throat sizes of 0.4 m < (Mitchell and
Carlos Santamarina, 2004) and where pore throat size is at least
twice the cell size (Jenneman et al., 1985). Since pore throat sizes
in conventional reservoir rocks range from about 2 to 0.03 m in
sandstones, and from 0.1 to 0.005 m in shales (Nelson, 2009) this
demonstrates that bacteria can effectively be transported through
rocks types present in common GCS sites and can likely be manip-
ulated to grow and precipitate minerals on space and time scales
by controlled injection of nutrients (Cunningham et al., 2011).
To date, ureolysis-induced CaCO3 precipitation has been investi-
gated for a number of engineering purposes including wastewater
treatment (Hammes et al., 2003), soil stabilization (Harkes et al.,
2010; Van Paassen et al., 2010b; Whifﬁn et al., 2007), immo-
bilization of radionuclides (Mitchell and Ferris, 2005, 2006a,b;
Warren et al., 2001), and mineral plugging for enhanced oil recov-
ery and carbon sequestration (Dupraz et al., 2009; Ferris et al.,
1996; Mitchell et al., 2010). All of these studies have been made at
near atmospheric pressure conditions. However, in order to oper-
ate under GCS conditions, ureolytic organisms must be viable and
able to hydrolyse urea under high pressure conditions (∼7.5 MPa).
It is also important to consider the stability of the CaCO3 miner-
als under GCS conditions, given the potential for the dissolution of
carbonate minerals in CO2 charged acidic brine, which typically has
a pH of 3.5–4 depending on brine chemistry, formation lithology,
and temperature (Kaszuba and Janecky, 2009). Low pH can increase
CaCO3 solubility by shifting the bicarbonate equilibrium to enhance
H2CO3 activity (Stumm and Morgan, 1996).
Here, we  investigate whether ureolysis-induced CaCO3 precip-
itation can occur under conditions that approximate subsurface
storage environments, using a unique high pressure (∼7.5 MPa)
moderate temperature (32 ◦C) pulse-ﬂow reactor system housing
a synthetic porous media core. We  also consider the stability of
CaCO3 minerals in scCO2, and in likely subsurface ﬂuids, such as
brine, in the presence of and equilibrated with scCO2, in order to
assess the stability of bioﬁlm formed minerals in the subsurface.
2. Experimental methods
2.1. High pressure ﬂow reactor setup and synthetic porous media
A high-pressure ﬂow reactor was built to investigate whether
ureolysis and CaCO3 precipitation in porous media could occur
under high pressure conditions. The system allowed a differen-
tial pressure to be established between an input and an output
high pressure accumulator, causing media to pulse-ﬂow through a
synthetic porous media core housed in a Hassler-type core holder
(Temko, Tulsa, OK). The synthetic core was produced from a 2.54 cm
diameter, 5 cm long high density polystyrene rod, with 6 × 1 mm
internal diameter glass capillary tubes running lengthwise through
the core (Supplemental Information, Fig. SI1). The capillary tubes
allow the aqueous phase to pass through and microscopy to be
88 A.C. Mitchell et al. / International Journal of Greenhouse Gas Control 15 (2013) 86–96
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wig. 1. (a) Schematic diagram of high pressure (∼7.5 MPa) moderate temperature 
ynthetic porous media core with CaCO3 precipitates visible on the inside of the glass
ore  holder.
erformed on any bioﬁlm and mineral precipitates formed. The
igh-pressure system was constructed of ¼” (6.35 mm)  stainless
teel tubing and Swagelok ﬁttings housed in an incubator to con-
rol temperature at 32 ± 0.2 ◦C. The media reservoirs were water
ervice piston-type accumulators (Parker, Inc.) designed to with-
tand pressures of 21 MPa  (Fig. 1).
Prior to loading the synthetic core, the input media accumula-
or and inﬂuent tubing were sterilized by exposure to 10% bleach
n 6 g L−1 TWEEN 80 solution, followed by 2.25 g L−1 sodium thio-
ulphate solution, followed by a 70% ethanol solution (Barkley and
ichardson, 1994). Next, the synthetic core was loaded into a Buna-
 (TEMCO) sleeve and the core holder was reassembled. The core
nd core sleeve were not sterilized by autoclaving nor chemical
reatment. The annulus of the core holder was ﬁlled with water
nd an overburden pressure of about 10.5 MPa  was  provided by a
ydraulic jack pump. The core holder and media accumulators were
onnected to the high-pressure ﬂow system which was housed in
n incubator at 32 ± 0.2 ◦C (Fig. 1).
.2. Flow reactor inoculation and operation
Sporosarcina pasteurii (ATCC 11859, gram-positive, spore-
orming, urease positive), known to induce CaCO3 precipitation in
he presence of urea and dissolved Ca (Fujita et al., 2008; Mitchell
nd Ferris, 2005, 2006b)  was used for the experiments. S. pasteurii
as grown to the exponential growth phase, prior to inoculating) ﬂow reactor containing synthetic porous media core. Inset pictures show (b) the
 after an experiment, and (c) the synthetic porous media core inside the Hassler-type
the high pressure system containing the synthetic core, in ﬁlter
sterilized CaCO3 mineralizing medium (CMM)  described by Ferris
et al. (1996) which contained 3 g L−1 Nutrient Broth, 333 mM Urea,
187 mM NH4Cl, 25 mM NaHCO3, and was  pH adjusted to 6 with
concentrated HCl. The CMM  excluded calcium for preparation of
the S. pasteurii inoculum and ﬂow reactor inoculation (CMM−)
but 25.2 mM CaCl2•2H2O was  included during the main precipi-
tation experiment (CMM+). To inoculate the core, it was isolated
and ∼40 ml  of the exponential growth phase culture of S. pasteurii
was injected using a 60 ml  sterile syringe attached to a Swagelok
ﬁtting tightened onto the inﬂuent side of the core holder. The inocu-
lum remained in the core for 16 h and then sterile CMM− was
pumped through the core at atmospheric pressure using a peri-
staltic pump at 8.86 ml  h−1 for 16 days. The use of a rich growth
medium and urea allowed S. pasteurii bioﬁlm to develop on the
internal surfaces of the core and for ureolysis to occur. On day 17,
the media accumulator was ﬁlled with 1100 ml  of sterile CMM−
solution using a peristaltic pump and N2 gas was used to pres-
surize the system to 1.43 MPa, with a differential pressure across
the core of 0.1 MPa  (Fig. 1). After being allowed to acclimatize to
the system temperature, sterile CMM− was pulsed into the core,
induced by the constant differential pressure across the core. After
24 h, the media in the core was  collected in the output media accu-
mulator. Sterile CMM− was  then pulsed into the core again from
the input media accumulator. For the next 20 days, fresh sterile
CMM−was pulsed daily into the core, and medium that had resided
A.C. Mitchell et al. / International Journal of Greenhouse Gas Control 15 (2013) 86–96 89
Fig. 2. Pictures of the high pressure vessel (HPV) used to challenge CaCO3 precipitates with scCO2 and brine. HPV was  also used to incubate Ca free mineralizing medium
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ccurred at the high pressures used in this study. (a) Supercritical CO2 is pumped b
mage  of the HPV shows scCO2 in the headspace and scCO2 saturated brine in the b
n the core for 24 h was collected in the efﬂuent. During this 20-day
eriod, system pressure was gradually increased from 1.43 MPa  to
.5 MPa  ± 0.1% while maintaining a differential pressure across the
ore between 0.1 and 0.55 MPa  ± 0.1%. On day 39, the input media
ccumulator was ﬁlled with CMM+,  and the same daily pulsing
rocedure was continued, in order to induce CaCO3 precipitation.
fﬂuent from the ﬂow reactor was collected daily and analyzed for
H, NH4+, Ca2+ and ureolytic cell counts, as described in Section
.3. This procedure was  performed in order to elucidate whether
. pasteurii viability could be maintained and ureolysis could occur
t pressures at which scCO2 could be present. During the exper-
ment, CMM− and subsequently CMM+  were sampled from the
nput media accumulator in order to check for bacterial contamina-
ion, as described below. Control experiments were also performed
o check ureolysis could not occur abiotically under pressure, by
ressurizing CMM− and CMM+  to 7.5 MPa  in a separate high pres-
ure vessel (HPV) (Fig. 2) in the absence of S. pasteurii.
.3. Flow reactor efﬂuent analysis
Efﬂuent that had resided in the core for 24 h and had then
een pulsed out of the core was collected from the output media
ccumulator and immediately ﬁlter sterilized through 0.2 m
olycarbonate membranes and tested for pH using a Fisher Sci-
ntiﬁc (Fair Lawn, NJ) pH/ion/conductivity meter. The meter was
alibrated daily using pH 7 and pH 10 buffer solutions (Fisher Sci-
ntiﬁc). Ammonium concentrations were determined using the
essler Assay (Mitchell and Ferris, 2005) by comparing sample
esults to standards made with NH4Cl. Ca2+ concentrations were
etermined using an Agilent 7500ce Inductively Coupled Plasma
ass Spectrometer (ICP–MS) in Montana State University’s Envi-
onmental and Bioﬁlm Mass Spectrometry Facility. Non-ﬁltered
fﬂuent was used to determine the number of ureolytic colony
orming units (CFUs) as a measure of ureolytic cell viability on
 daily basis. Efﬂuent was serially diluted in Phosphate Buffered
aline solution, from 10−1 to 10−5 and plated onto agar plates, sup-
lemented with 37 g L−1 Brain Heart Infusion, and 20 g L−1 urea.
0 randomly selected CFUs were individually picked and grown in
ndividual wells containing 250 L of BHI + 20 g L−1 urea solution
n a 96 well plate. Plates were incubated at 30 ◦C for 24 h, and indi-
idual wells were tested for ammonium using the Nessler Assay.5 MPa  in the absence of scCO2 to demonstrate that no abiotic hydrolysis of urea
ledyne Isco (Lincoln, Nebraska) pump into the (b) view-ported HP(c) the view port
 of the HPV during an exposure (see also Video 1).
to conﬁrm ureolytic activity (Mitchell and Ferris, 2005). CFU’s and
pH were also measured from the inﬂuent CMM− and subsequently
CMM+,  in order to check for ureolytic bacteria contamination. Fur-
ther details are given in the Supplemental Information, Section SI1.
The glass capillary tubes running lengthwise through the synthetic
core were removed and imaged on a Nikon SMZ1500 stereo-
scope.
2.4. Calcium carbonate brine and supercritical CO2 challenges
In order to test the stability of ureolysis-induced CaCO3 precip-
itates under high pressure scCO2 conditions relevant to subsurface
storage sites, CaCO3 was  challenged with supercritical CO2 (scCO2),
scCO2 saturated brine (brine co-equilibrated with scCO2), brine-
saturated scCO2, and atmospheric pressure brine at two  different
pH values (pH 7.61 and 4, Table 1). Pyrex bottles containing
pre-weighed black polycarbonate coupons and containing 250 ml
CMM+  were inoculated with 1 ml  of S. pasteurii in the exponential
growth phase, and incubated at 30 ◦C to induce ureolysis and CaCO3
precipitation onto the coupons. Coupons were also incubated in
sterile, uninoculated CMM+  medium to conﬁrm abiotic precipita-
tion was not occurring. Black polycarbonate was used to provide
contrast with the precipitated CaCO3 for light microscopy. After
24–48 h of incubation and precipitation, coupons were removed
with sterilized tweezers and dried for more than 24 h at 65 ◦C until
constant weight was  achieved. Mineral not ﬁrmly attached to the
coupon was gently blown off the coupon using compressed air (Fal-
con Dust Off, Branchburg, NJ). The coupons were weighed again
periodically over a period of 24 h to conﬁrm constant weight before
they were imaged on a Nikon SMZ  1500 stereoscope (Supplemental
Information, Section SI2). Coupons were then challenged with
scCO2, scCO2 saturated brine, brine saturated scCO2 and atmo-
spheric pressure brine, as described below.
2.4.1. Atmospheric pressure brine
Synthetic NaCl rich brine of a 162 g L−1 TDS  (1.5 M strength,
used by Kaszuba et al., 2003), containing 683 mM NaCl, 16.4 mM
MgSO4•7H2O, 5.5 mM CaCl2•2H2O, 480 mM MgCl2•6H2O, 264 mM
KCl, and 1.79 mM KBr, with a resulting pH of 7.61 was  prepared and
ﬁlter sterilized. Mineral-covered coupons were placed in the syn-
thetic brine for 4 h, 24 h, and 168 h (Exposures 1–3, Table 1). After
90 A.C. Mitchell et al. / International Journal of Greenhouse Gas Control 15 (2013) 86–96
Table 1
Summary of scCO2 and/or brine exposures of CaCO3 undertaken in the high pressure vessel.
Exposure Pressure Temperature Description
1 Ambient Room Coupons in brine for 4 h, initial pH 7.61
2 Ambient Room Coupons in brine for 24 h, initial pH 7.61
3 Ambient Room Coupons in brine for 168 h, initial pH 7.61
4  1300 psi 37 ◦C Coupons in scCO2 for 2 h
5 1250  psi 37 ◦C Coupons in brine-saturated scCO2 for 2 h
6  1250 psi 37 ◦C Coupons in brine-saturated scCO2 for 48 h
7  1250 psi 37 ◦C Coupons in scCO2-saturated brine for 2 h
8  1250 psi 37 ◦C Coupons in scCO2-saturated brine for 48 h
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10  Ambient Room 
11 Ambient Room 
emoval from the brine, coupons were rinsed in DI water to remove
esidual brine and then dried, weighed, and imaged, as described
bove.
.4.2. Supercritical CO2 (scCO2)
Coupons were loaded into the HPV system (Fig. 2). The sys-
em was pressurized and scCO2 was pumped under constant
ow via a Teledyne Isco high pressure pump to the HPV until
ressure stabilized at 8.9 MPa. Pressure and temperature were
aintained at 8.9 ± 0.4 MPa  and 37 ± 0.2 ◦C, respectively (Exposure
, Table 1), well above that required for supercritical conditions
o account for the accuracy of the pressure and temperature
auges. The system was depressurised after 2 h, and imme-
iately the coupons were removed from the reactor, rinsed,
maged with the stereoscope, dried and weighed, as described
bove.
.4.3. ScCO2 saturated brine and brine saturated scCO2
350 ml  of brine was added under ambient pressure conditions
nto the HPV. Coupons were placed into the reactor so three
oupons were wetted in the brine (bottom portion of reactor) and
hree were in the headspace of the reactor. The system was pres-
urized and scCO2 was pumped into the HPV and bubbled through
he brine until pressure in the reactor stabilized at 8.9 ± 0.4 MPa
t 37 ± 0.2 ◦C. The increase in surface area between the CO2 bub-
les and the brine as well as the resulting mixing are assumed
o have resulted in sufﬁcient mass transfer to produce scCO2 sat-
rated brine and brine saturated scCO2 in the lower and upper
ortions of the HPV, respectively. Hence, the coupons in the HPV
ere exposed to brine saturated scCO2 (in the headspace portion)
nd supercritical CO2 saturated brine (bottom portion of the reac-
or) at 8.9 MPa  and 37 ◦C for 2 h and 48 h (exposures 5 and 7, and
 and 8 respectively, Table 1). Immediately after each exposure,
he coupons were removed from the HPV, rinsed in DI water to
emove any residual brine, imaged with the stereoscope, dried and
eighed, as described above.
Experiments were also performed in order to separately investi-
ate the effect of pH on mineral mass loss by exposing mineralized
oupons to pH adjusted brines at atmospheric pressure. Isolating
he effect of pH was necessary because during depressurisation
nd CO2 degassing of the HPV, extreme physical agitation of the
rine occurred which may  have accounted for mineral mass loss,
nd this would not be representative of processes that would occur
nder GCS ﬁeld conditions. In order to estimate the pH of the scCO2
aturated brine used in the current study, pH was  measured in
cCO2 saturated brines in a similar high pressure ﬂow system at
SU, equipped with an in-line Barben Analyzer Technology pH
robe connected to a Campbell Scientiﬁc CR1000 data logger. The
bserved pH was 3 in a 0.5 g L−1 TDS brine and 4 in a 5 g L−1 TDS
rine (Hansen, 2009), consistent with the decreased solubility of
O2 in higher salinity solutions (Duan and Sun, 2003; LagneauCoupons in pH 4 brine for 2 h
Coupons in pH 4 brine for 48 h
Sterile control
et al., 2005). These observations agree with reports by (Kaszuba
and Janecky, 2009) who  report typical pH values of 3.5–4 for CO2
charged acidic brines. Therefore the pH of the 162 g L−1 TDS  brine
used in the current study was estimated to have a pH of > 4. Hence,
in order to expose the coupons to the most acidic conditions likely,
brine was adjusted to pH 4 with HNO3, and coupons were exposed
to this brine for varying lengths of time. Large volume-to-carbonate
mineral ratios were used to minimize pH changes due to CaCO3
dissolution and maintain the pH at 4. Minerals from each of the
experiments were examined with XRD to determine the mineral-
ogy of the precipitates before and after exposure (Supplemental
Information, Section SI2).
3. Results
3.1. Ureolysis and carbonate mineral formation at ∼7.5 MPa
pulse-ﬂow conditions
The ﬂow reactor was operated at atmospheric pulse-ﬂow con-
ditions with calcium free medium (CMM−), for the ﬁrst 17 days of
the experiment. During this period, NH4+ concentrations increased
gradually from ∼3000 mg  L−1, which is the free NH4+ concentra-
tion in the CMM− from NH4Cl, to ∼11,000 mg L−1, indicating the
liberation of NH4+ from the hydrolysis of urea (Eqs. (1), (2) and
(4)) (Fig. 3). The pH also increased from 7 to 9.1 within the ﬁrst
5 days (Fig. 3), consistent with buffering by NH4+ = NH3 + H+, the
dominant buffer in the system, which has a pKa value of 9.3 at 30 ◦C
(Mitchell and Ferris, 2005). Viable cells measured in the reactor
efﬂuent generally increased during this period, up to a maximum of
5.2 ± 1.1 × 107 CFU, and 100% of the tested CFUs were ureolytically
active (Fig. 3). Inﬂuent media samples during this period exhibited
NH4+ concentrations of ∼3000 mg  L−1, a pH of ∼7, and there were
no detectable CFUs (Fig. 3), demonstrating that the inﬂuent medium
had not been contaminated by ureolytic organisms, and that ureol-
ysis was occurring only in or downstream of the synthetic porous
media core.
Starting on day 18, pressure was  gradually increased from atmo-
spheric to 7.5 MPa  as the daily pulse-ﬂow of CMM− continued
(Fig. 3). During this period, efﬂuent pH remained at ∼9.1. NH4+
concentrations gradually increased over this period to a maximum
of 14,600 ± 1229 mg  L−1, consistent with the hydrolysis of all the
available urea, as did ureolytic CFUs, on average which increased
to 2.1 × 107 ± 4.8 × 106 (Fig. 3). During the period of pressuriza-
tion ∼7.5 MPa, inﬂuent media still exhibited NH4+ concentrations
of ∼3000 mg  L−1, pH was ∼7, and there were no CFUs, again indi-
cating that the inﬂuent medium had not been contaminated by
ureolytic organisms, and that ureolysis was occurring in the syn-
thetic porous media core (Fig. 3). Pressurization of the CMM− and
the calcium inclusive media, CMM+,  in the absence of S. pasteurii
to 7.5 MPa  in the HPV for 24 h (Fig. 2) did not result in any NH4+
production, change in pH or, in the case of the CMM+  experiments,
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Fig. 3. Pressure, inﬂuent and efﬂuent NH4+, pH, Ca2+ and ureolytic colony forming
units from the high pressure (∼7.5 MPa) moderate temperature (32 ◦C) ﬂow reac-
tor  containing a synthetic porous media core. Ca free CaCO3 mineralizing medium
(CMM−)  described by Ferris et al. (1996) was  used as the inﬂuent media from time
0  to day 38, after which the CMM  media included Ca (CMM+).
Table 2
Aqueous chemistry of CaCO3 mineralizing medium (CMM+) described by Ferris
et  al. (1996) after exposure to abiotic high pressure conditions (8.9 MPa) in the
high pressure vessel. Experiments repeated with CMM  excluding calcium (CMM−)
demonstrating that urea hydrolysis is not induced abiotically by high pressure con-
ditions. Concentrations in mg L−1.
Sample pH NH4+ Na+ Mg2+ K+ Ca2+ Ba2+
CMM− + pressure 7.37 3.22 6.76 0.025 1.15 0.200 0.001
CMM−  7.15 3.45 6.60 0.025 1.12 0.18 0.001
CMM+  + pressure 7.31 2.95 6.48 0.025 1.11 9.71 0.001
CMM+ 7.25 2.35 6.49 0.025 1.06 9.20 0.001
decrease in Ca2+ concentrations, which conﬁrmed that increased
pressure alone did not result in the hydrolysis of urea (Table 2).
After the ﬂow system had been pressurized to 7.5 MPa, the
inﬂuent was  switched to CMM+,  containing 1000 mg  L−1 (25 mM)
Ca2+. The concentration of Ca2+ in the ﬂow reactor efﬂuent was only
12 ± 0.6 mg  L−1 after the ﬁrst 24 h, and remained at this concentra-
tion for the remainder of the experiment (Fig. 3). During this period,
there were no appreciable changes in efﬂuent pH, NH4+ concentra-
tions, or ureolytic CFUs. After 45 days the system was depressurised
and the glass capillaries inside the core were retrieved. Stereoscope
(Fig. 4) and XRD analysis (Supplemental Information, Fig. SI2) indi-
cated that calcite had precipitated inside the glass capillaries of
the core, demonstrating that ureolysis induced CaCO3 precipitation
occurred under high pressure conditions ∼7.5 MPa. Additionally,
no precipitates were observed in the efﬂuent accumulator, and the
inﬂuent CMM+  media exhibited consistent Ca2+ concentrations of
∼1000 mg  L−1, indicating that precipitation occurred in the core
region under pressure or down the ﬂow path of the core (Fig. 3), and
not in the efﬂuent accumulator during depressurisation. A crystal
density gradient could be observed, with a greater crystal density
in the up ﬂow (inﬂuent) end of the core. Crystal size analysis with
ImageJ software (Mitchell and Ferris, 2006a,b) of 5 stereoscope
images from throughout the core revealed the average, minimum
and maximum crystal size was 57 m,  10 m and 102 m respec-
tively, with a standard deviation of 21 m.  This ignored crystals
below the stereoscope detection limit of ∼5 m (Schultz et al.,
2011).
3.2. Calcium carbonate mineral stability with supercritical
CO2/brine mixtures
In order to examine stability of the microbiologically precipi-
tated CaCO3 during brine and scCO2 exposure, CaCO3 precipitates
on polycarbonate coupons were challenged with scCO2-brine mix-
tures at high pressure (∼8.9 MPa) conditions in the HPV (Fig. 5) and
also atmospheric pressure brines. Incubation of CaCO3 in brine, pH
7.61, at atmospheric pressure for 4 h, 24 h and 1 week, lead to a
CaCO3 mass change of −7 ± 0.036%, −10% ± 4.7% and −23% ± 2.5%
respectively for experiments 1–3. However the difference in min-
eral mass from before and after exposure was not statistically
signiﬁcant for the three experiments (Fig. 5) and therefore did
not suggest that brine exposure at atmospheric conditions led to
a statistically signiﬁcant change in the mass of CaCO3 on these
timescales. Exposure to scCO2 for 48 h did not lead to an observable
mass change (−0.4 ± 0.01% variation) demonstrating that dry (i.e.
not moisture containing) scCO2 has no effect on the mineral mass.
The exposure of CaCO3 to brine saturated with scCO2 resulted in
a signiﬁcant mass change of CaCO3 during both 2 h (−84%, ±35%
variation) and 48 h (−92%, ±50% variation) of exposure. However,
this mass loss is being attributed to an artifact associated with
the depressurization process, which resulted in signiﬁcant turbu-
lence in the brine ﬁlled portion of the HPV. Highly intense bubble
formation was observed during out-gassing of CO2 during depres-
surization, which occurred at a rate of 1.158 MPa  min−1 for the 2 h
92 A.C. Mitchell et al. / International Journal of Greenhouse Gas Control 15 (2013) 86–96
Fig. 4. Images of CaCO3 precipitates formed inside the capillary of the synthetic porous media core in the high pressure (∼7.5 MPa) moderate temperature (32 ◦C) ﬂow
reactor. (a) CaCO3 precipitates (in white) inside one of the 5 cm long glass tubes (capillaries) that were inserted in the artiﬁcial core. Decreasing crystal density can be seen
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mages  of a cluster of CaCO3 crystals, (e) view into capillary from inﬂuent end show
o  extensive EPS rich bioﬁlm was observed.
xposure and 3.08 MPa  min−1 for the 48 h exposure. The result-
ng turbulence, clearly visible through the sight glass (Video 1), is
elieved to have mechanically abraded CaCO3 from the coupons,
s evidenced by the discovery of some CaCO3 crystals in the bot-
om sump of the HPV. CaCO3 minerals in the headspace of the HPV,
bove the scCO2 saturated brine (i.e. exposed to scCO2 saturated
ith brine vapour) exhibited a mass change of −36 ± 7.5% during
 h of exposure, and −17 ± 3.6% during 48 h of exposure.
Due to the physical disturbance that the coupons undergo dur-
ng depressurisation and degassing of the brine, and the effect this
ould have upon the mineral mass loss, coupons were also exposed
o brine at atmospheric pressure, acidiﬁed to pH 4, the estimated
H of the 1.5 M scCO2 saturated brine at 8.9 MPa  used in the scCO2
aturated brine experiments (Allen et al., 2005; Carey et al., 2010;
uan and Sun, 2003; Kaszuba and Janecky, 2009; Kaszuba et al.,
003, 2005; Lagneau et al., 2005), in order to determine mineral
issolution associated with low pH conditions alone. This revealed
 small mass change of only −3.4 ± 0.67% over 2 h and −7.8± 2.2%
ver 48 h (Fig. 5). Stereoscope images of the CaCO3 precipitatesmall CaCO3 crystals inside the 1 mm internal diameter capillary, (c and d) close-up
aCO3 coating on the inside wall of the capillary. While crystals were clearly visible,
before and after exposure to the scCO2-brine mixtures exhibited
no major morphological changes on the 10–100 m scale (Fig. 6).
XRD analysis of the precipitates before and after the scCO2/brine
mixtures revealed only calcite, demonstrating that there were no
changes in mineralogy due to interaction with scCO2 and brine
(Supplemental Information, Section SI2, Fig. SI2).
4. Discussion
4.1. Ureolysis and carbonate mineral formation at ∼7.5 MPa
pulse-ﬂow conditions
The use of a unique high pressure, moderate temperature
pulse-ﬂow system has demonstrated that bacterial urea hydrol-
ysis by S. pasteurii and associated CaCO3 precipitation can occur
under pressure conditions that approximate subsurface CO2 stor-
age environments. These observations are consistent with previous
studies of S. pasteurii at atmospheric pressure, demonstrating the
organism’s ureolytic capability (Ferris et al., 2003; Fujita et al.,
A.C. Mitchell et al. / International Journal of Gr
Fig. 5. Change in mass of CaCO3 on coupons (normalized to initial mineral mass)
before and after challenges in the high pressure vessel (HPV) (see Table 1) with
percentage change of mass listed. Three or more coupons used in each experiment.
Fig. 6. Stereoscope images of coupons exposed brine and scCO2 before (a and c) and after (b
No  major morphological changes to CaCO3 crystals noticeable on this scale.eenhouse Gas Control 15 (2013) 86–96 93
2000; Warren et al., 2001). High pressures have previously been
reported to signiﬁcantly affect the metabolic functions and growth
of mesophilic organisms, such as S. pasteurii, by inhibiting DNA
replication and protein synthesis (Abe et al., 1999; Gross et al.,
1993; Yayanos and Pollard, 1969). However, ureolytic CFUs up
to 5.2 ± 1.1 × 107 CFU/mL in the reactor efﬂuent indicate that S.
pasteurii maintained viability under conditions of approximately
7.5 MPa, demonstrating that elevated pressures did not fatally
inhibit cell function.
Ureolytic CFUs in the reactor efﬂuent were, on average, higher
during the period of pressurization at 7.5 MPa (day 18 onwards),
when NH4+ concentrations were also at their maximum of
14,500 ± 1200 mg  L−1, a concentration which was consistent with
the hydrolysis of all the available urea in the inﬂuent media. This
suggests that ureolytic biomass increased during the course of the
experiment and indicates that during the period of pressurization at
7.5 MPa, ureolysis was limited by the mass transport of urea, rather
than available ureolytic biomass, under pulse-ﬂow conditions in
the synthetic porous media core. In contrast, prior to pressurization,
while biomass was increasing in the core, as indicated by increasing
CFUs in this period, ureolysis was  likely limited by the available ure-
olytic biomass rather than reactant supply until approximately 17
days, since NH4+ concentrations were less than could be produced
by the available urea, at only ∼11,000 mg  L−1.
The high pressure ﬂow system was  only inoculated once at
the beginning of the experiment, yet signiﬁcant numbers of viable
ureolytic cells were observed in the efﬂuent over the course of
the experiment. Therefore, it appears a well established surface-
associated community, or bioﬁlm, developed in the high pressure
system. Previous studies at atmospheric pressures have demon-
strated that S. pasteurii can be effectively distributed and attached
to porous media surfaces, including sand beds (Harkes et al., 2010;
Van Paassen et al., 2010b), and glass capillaries (Schultz et al.,
2011). In these studies, media ﬂow was induced that allowed a
surface-associated community to develop after initial inoculation.
 and d) challenge in the high pressure vessel (HPV). Images are at 40× magniﬁcation.
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chultz et al. (2011) demonstrated using confocal laser scanning
icroscopy, that the surface associated S. pasteurii did not form
xtensive EPS, but rather a discrete cell coverage on the capillary
urface and calcite surfaces, which supports observations made
n this study where only CaCO3 crystals but no EPS was observ-
ble under high pressure pulse-ﬂow conditions (Fig. 4). The low
H and NH4+ concentration in the inﬂuent media accumulator
emonstrates the bioﬁlm community must have been present only
n the synthetic porous media core or downstream of the core.
ioﬁlms are often more resilient to physical chemical, and bio-
ogical stresses than free ﬂoating, or planktonic cells, of the same
rganism (Costerton and Stewart, 2001; Lewandowski and Beyenal,
007; Stewart, 2003). Indeed, it was previously demonstrated by
s that planktonic B. mojavensis cultures exposed to ﬂowing scCO2
t 136 atm and 35 ◦C for 19 min  lead to a 1000-fold reduction in
iable cell numbers, while bioﬁlm cultures only showed a 10-fold
eduction in viable cell numbers (Mitchell et al., 2008). These data
uggest that the bioﬁlm state of S. pasteurii in the porous media core
n the high pressure system may  have promoted growth and func-
ion under high pressure conditions compared to the planktonic
orm.
The ﬂow system demonstrates ureolysis-induced CaCO3 pre-
ipitation can occur under high pressure conditions. This would
e expected under the high pH conditions maintained under pres-
ure by ureolysis, which shifts the bicarbonate equilibrium to form
arbonate ions (CO32−) which, in the presence of Ca2+, precipi-
ates out of solution as CaCO3 if the solubility product for calcite
s exceeded (Burne and Chen, 2000; Castanier et al., 1999). Indeed,
n the high pressure ﬂow reactor experiments, pH measured in
he depressurized efﬂuent ﬂuids (Fig. 3) will represent the in situ
H under high pressure conditions because nitrogen gas and not
O2 was used for pressurization. If a separate CO2 phase had been
resent at elevated pressures, degassing of CO2 from the reactor
fﬂuent would have resulted in a shift of the carbonate speciation
n solution, leading to an increase in pH relative to the in situ (high
ressure) conditions. This could have resulted in the precipitation
f CaCO3 during depressurization (Murray et al., 1980; Stumm and
organ, 1996). However, the precipitation of CaCO3 during depres-
urization is unlikely to have occurred since N2 was the overburden
as and outgassing of CO2 was likely not a signiﬁcant factor. The
ack of CaCO3 precipitates in the efﬂuent accumulator conﬁrms
aCO3 precipitation occurred in the core region before the accu-
ulator, and must have been caused by ureolysis induced pH and
arbonate ion concentration increases. Pressure increases the sol-
bility of CaCO3, and thus the ion activity product at saturation
Pytkowicz and Conners, 1964). In artiﬁcial seawater at 10 MPa,
he ion activity product at saturation is 1.093 times greater than
t atmospheric pressure (Pytkowicz and Conners, 1964), demon-
trating that under ﬁxed Ca concentrations, slightly more urea
ould be hydrolysed before CaCO3 saturation is reached than at
tmospheric conditions. Saturation index (SI) modeling on PHREE-
Ci (Parkhust and Appelo, 1999) with analysis of the media under
tandard conditions (1 atm and 25 ◦C) demonstrates that satura-
ion is reached [SI = log ({Ca2+}{CO3−}/Ksp) = 0] when only 1.05 mM
rea has been hydrolysed. This suggests at the maximum pressure
f 7.5 MPa  used the experiments, 1.15 mM of urea was hydrol-
sed before CaCO3 precipitation was induced. However, this will
e a minimum value, as supersaturation is often required before
recipitation is initiated because the nucleation activation (i.e.,
nterfacial) free energy barrier has been surmounted (Stumm and
organ, 1996). Indeed, in abiotic CaCO3 precipitation experiments,
D heterogeneous nucleation on seed particles has been observed
t a minimum SI of 0.78 (Teng et al., 2000), and spontaneous 3D
omogeneous nucleation in unseeded solutions has been observed
t SIs of 1.83–1.99 (Gómez-Morales et al., 1996). In the high pres-
ure ﬂow system, calcite precipitation would be likely be initiatedeenhouse Gas Control 15 (2013) 86–96
by a combination of 3D homogenous nucleation in solution and 2D
heterogeneous nucleation on the capillary walls, nascent crystals,
and bacterial cell surfaces (Ferris et al., 2003; Fujita et al., 2000;
Mitchell and Ferris, 2005, 2006b). Crystals were observed attached
to the capillary walls (Fig. 4b, e and f), as well as agglomerates
of loose crystals forming plugs (Fig. 4c and d) suggesting multiple
mechanisms of nucleation and growth.
Experimental and modeling studies demonstrate that during
ureolysis, the highest pH, concentrations of carbonate ions, and
thus saturation, will occur proximal to, and decrease away from
cells (Mitchell and Ferris, 2006b; Zhang and Klapper, 2010), sug-
gesting 2D nucleation in the ﬂow system will preferentially occur
near cells. However, the decrease in crystal size densities in the
capillary along the ﬂow direction of the core (Fig. 4a) suggests
that crystal growth was  controlled by reactant supply and nuclei
grew faster in the inlet region, where reactants, and thus precip-
itation rates are higher due to the increased SI and availability of
higher Ca2+ and CO32− concentrations (Ferris et al., 2003; Mitchell
and Ferris, 2005; Teng et al., 2000). Crystal sizes were much larger
(average = 57 m)  than previously observed for ureolysis induced
CaCO3 precipitation (∼1–6 m)  (Mitchell and Ferris, 2006a,b). This
primarily reﬂects a higher total reactant supply provided by pulse-
ﬂow operation of the high pressure experiments (20.16 mg  Ca2+
and 433 mg  CO32− over the 9 days of CMM+), compared to pre-
vious batch experiments [5.25–17.5 mg  Ca and 79–264 mg  CO32−
(Mitchell and Ferris, 2006a,b)] (Supplemental Information, Section
SI3). Nevertheless at the termination of the high pressure pulse-
ﬂow experiment, plugging had not occurred due to the relatively
limited supply of reactants compared to the pore space in the syn-
thetic core, calculated as 0.0185 cm3 CaCO3 relative to 0.196 cm3
void space in the synthetic porous media core (Supplemental
Information, Section SI4). However, permeability reduction and
plugging would have occurred given the supply of sufﬁcient reac-
tants, as demonstrated for ureolysis-induced CaCO3 precipitation
in atmospheric pressure constant-ﬂow systems (Cunningham et al.,
2011; Schultz et al., 2011).
4.2. Calcium carbonate mineral stability with supercritical
CO2/brine mixtures
The signiﬁcant mass change observed in the scCO2 saturated
brine challenges over 2 h (−84 ± 35% mass loss) and 48 h (−92 ± 50%
mass loss) appeared to reﬂect physical dislodging of the CaCO3
crystals from the coupon surface, particularly during the depres-
surisation of the HPV which caused violent bubbling when CO2
was degassing from the brine (Video 1). This was  supported by
the small mass change of CaCO3 in atmospheric pressure brine at
pH 4, the estimated pH of the scCO2 saturated brine (−3.4 ± 0.67%
over 2 h, −7.8 ± 2.2% over 48 h). This minor mass change of CaCO3
demonstrated that acidity-driven dissolution of CaCO3 was  negli-
gible. CaCO3 dissolution in the scCO2 saturated brine driven by low
pH has been observed in other studies of acidic brine–CaCO3 inter-
actions (Carey et al., 2010; Gledhill and Morse, 2004, 2006; Sanz
et al., 2011) and would be expected under the experimental con-
ditions used here. The apparent lack of this phenomenon could be
ﬁrstly due to mass transport limitations in the static brine–CaCO3
mixture in the HPV, where reaction kinetics are reduced by the
limited ability of reactants (e.g. H+) to reach the mineral surface
and products (Ca2+ and CO32−) to migrate away from the mineral
surface by advection. Indeed, at low pH values, the kinetics of calcite
dissolution are controlled by mass transport because surface con-
trolled processes (addition of ions to or loss from mineral surface)
are so rapid (Marini, 2006). Secondly, this may  be due to a protective
function of the bioﬁlm where the presence of extracellular poly-
meric substances protects the CaCO3 from dissolving. While mass
transport limitations might be reduced in ﬂowing systems due to
l of Gr
e
2
r
t
s
d
T
c
(
b
s
u
s
a
C
i
p
a
m
t
c
K
m
5
a
p
t
s
p
m
t
f
h
C
d
l
p
i
d
c
l
e
c
b
i
s
t
a
a
t
o
l
m
i
a
G
b
s
l
e
bA.C. Mitchell et al. / International Journa
nhanced advection of reactants and products (Wang and Jaffe,
004), the possible protective function of the bioﬁlm would still
educe the degree of CaCO3 dissolution. In bioﬁlm-affected systems,
he dissolution might be slowed down signiﬁcantly due to diffu-
ion limitations (Stewart, 2003) and mineral dissolution has been
escribed to be affected by polysaccharides (Banﬁeld et al., 1999).
he close association of S. pasteurii bioﬁlms and microbially pre-
ipitated CaCO3 minerals has been demonstrated by us previously
Schultz et al., 2011). These data demonstrate that in high pressure
rines, microbially enhanced CaCO3 precipitates will likely be most
table in the long term in the scCO2 region and in the scCO2 sat-
rated brine region where advection is limited. GCS site geology,
peciﬁcally the abundance of silisiclastic or carbonate bedrock will
lso have a major control on the in situ pH and the saturation of
aCO3 minerals both before and after scCO2 injection which may
mpact the effectiveness of microbially induced mineralization and
ore plugging. Speciﬁcally, pH and CaCO3 saturation will be higher
nd pH and oversaturation will be maintained in the long-term
ore readily in pore spaces in carbonate bedrock than silisiclas-
ic bedrock sites, from the dissolution and buffering of the native
arbonate minerals (Carey et al., 2010; Kaszuba and Janecky, 2009;
aszuba et al., 2003, 2005). This will enhance the stability of the
icrobially produced mineral plugs.
. Conclusions
Experiments using a novel high pressure (∼7.5 MPa) moder-
te temperature (32 ◦C) pulse-ﬂow reactor containing a synthetic
orous media core allowed microbiologically induced mineraliza-
ion to be investigated under conditions approximating those in
ubsurface carbon storage environments. A surface-associated S.
asteurii bioﬁlm became well established in the synthetic porous
edia core, which was able to hydrolyse all of the urea available in
he daily media pulses at pressures of ∼7.5 MPa. This raised the pH
rom 7 to 9.1, consistent with buffering by NH4+ = NH3 + H+ which
as a pKa value of 9.3 at 30 ◦C and induced CaCO3 precipitation.
aCO3 precipitated as calcite, and a decreasing crystal density gra-
ient with distance into the core suggested crystal growth was
imited by the mass transport of Ca2+ and urea. Challenges of
recipitated CaCO3 with brine/scCO2 static mixtures for 2–48 h
nvestigated the potential stability of the precipitates under con-
itions that approximated a range of pre- and post-CO2 injection
onditions. Brine at atmospheric conditions generated a slight mass
oss, due to dissolution of the mineral phase. scCO2 had a negligible
ffect on mass, but scCO2 equilibrated brine generated a signiﬁ-
ant CaCO3 mass loss. However, control experiments with acidiﬁed
rine (pH 4, the estimated minimum in situ pH of the scCO2 equil-
brated brine) demonstrated that much of the mass loss in the
cCO2 equilibrated brine experiments was due to the physical agi-
ation of the CaCO3 crystals during depressurisation and degassing
t the termination of the experiments. Mass loss was  not due to
cidic dissolution of the CaCO3, which appeared to be limited due
o the protective effect of the bioﬁlm and the static incubation
f the brine + CaCO3 where reaction kinetics are reduced by the
imited ability of reactants and products to migrate to and from the
ineral surface by advection. These data suggest that microbially
nduced mineralization with the purpose of reducing the perme-
bility of preferential leakage pathways during the operation of
CS are applicable in the scCO2 region and both the scCO2 saturated
rine region and the brine saturated scCO2 region of the subsurface
torage site where subsurface ﬂuids are quasi static.New and novel tools to control subsurface permeability and CO2
eakage, as presented here, are required in inaccessible subsurface
nvironments, where ‘traditional’ engineering approaches cannot
e applied. For example, while injection wells may  be accessibleeenhouse Gas Control 15 (2013) 86–96 95
to traditional sealing approaches, reducing permeability proximal
to the well bore or in fracture zones far from the well requires
new approaches. While the injection of a base into the subsur-
face could achieve a pH increase and induce CaCO3 precipitation
similarly to the ureolysis based approach, this would lead to instan-
taneous CaCO3 supersaturation and precipitation at the point of
injection. However, the controlled injection of urea into the sub-
surface would allow for transport of urea farther away from the
injection point before urea hydrolysis induced pH increase and
CaCO3 precipitation would occur. This is likely to promote a wider
spatial distribution of CaCO3 and avoid uncontrolled plugging at the
point of injection (Ferris et al., 2003; Mitchell and Ferris, 2005). The
injection of ureolytic organisms could also enhance the precipita-
tion process, particularly since bacterial cells can migrate through
pore throat sizes in common GCS site rocks. Recent work has been
up-scaled by investigating radial ﬂow and ureolytic CaCO3 pre-
cipitation at atmospheric pressures, within 74 cm diameter, 38 cm
thick sandstone cores (Phillips et al., 2012) and ongoing work is
focusing on up-scaling under pressures that approximate GCS con-
ditions.
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